A comprehensive multiphasic survey of the prevalence and transfer of gentamicin resistance (Gm r ) genes in different non-clinical environments has been performed. We were interested to find out whether Gm r genes described from clinical isolates can be detected in different environmental habitats and whether hot spots can be identified. Furthermore, this study aimed to evaluate the impact of selective pressure on the abundance and mobility of resistance genes. The study included samples from soils, rhizospheres, piggery manure, faeces from cattle, laying and broiler chickens, municipal and hospital sewage water, and coastal water. Six clusters of genes coding for Gmmodifying enzymes (aac(3)-I, aac(3)-II/VI, aac(3)-III/IV, aac(6P)-II/Ib, ant(2Q)-I, aph(2Q)-I) were identified based on a database comparison and primer systems for each gene cluster were developed. Gm-resistant bacteria isolated from the different environments had a different taxonomic composition. In only 34 of 207 isolates, mainly originating from sewage, faeces and coastal water polluted with wastewater, were known Gm r genes corresponding to five of the six clusters detected. The strains belonged to genera in which the genes had previously been detected (Enterobacteriaceae, Pseudomonas, Acinetobacter) but also to phylogenetically distant bacteria, such as members of the CFB group, K-and L-Proteobacteria. Gm r genes located on mobile genetic elements (MGE) could be captured in exogenous isolations into recipients belonging to K-, L-and Q-Proteobacteria from all environments except for soil. A high proportion of the MGE, conferring Gm resistance isolated from sewage, were identified as IncPL plasmids. Molecular detection of Gm r genes, and broad host range plasmidspecific sequences (IncP-1, IncN, IncW and IncQ) in environmental DNA indicated a habitat-specific dissemination. A high abundance and diversity of Gm r genes could be shown for samples from faeces (broilers, layers, cattle), from sewage, from seawater, collected close to a wastewater outflow, and from piggery manure. In the latter samples all six clusters of Gm r genes could be detected. The different kinds of selective pressure studied here seemed to enhance the abundance of MGE, while an effect on Gm r genes was not obvious.
Introduction
Application of antibiotics in human and veterinary medicine and in agriculture for more than 50 years has had a major impact on microbial communities [1] , resulting in an enrichment of bacterial populations which were resistant to, or developed or acquired resistance to, the antibiotics used. Due to their enormous genetic £exibility bacteria rapidly adapted to the selective pressure. Mobile genetic elements (MGE) such as plasmids, phages, conjugative transposons, IS elements or gene cassettes are important for this genetic £exibility. These allow bacteria to acquire the genetic makeup required to £ourish under changing environmental conditions [2, 3] .
Nowadays, the signi¢cant increase in both multiresistance and range of bacterial pathogens displaying resistance to a growing number of clinically important drugs is threatening the success of medical therapy. The majority of epidemiological studies have focused on the spread of resistance in human pathogens. Whilst the reservoir for such resistance genes within populations of clinical isolates has been, and is being documented in view of the importance for the treatment of infections, no such database exists for bacterial populations in soil and water. The incidence of bacteria which are resistant to one or to multiple antibiotics has been traditionally studied by plating on antibiotic-containing nutrient media, or by screening bacterial isolates for their antibiotic resistance patterns. Molecular tools which more and more became available in the 80s allowed scientists to make great progress in studying the epidemiology of antibiotic resistance genes and mobile genetic elements at the genetic level. DNA probes and PCR-based detection systems [4^9] enable us not only to analyse the dissemination of antibiotic resistance genes and mobile genetic elements in the culturable fraction of bacteria, but also to extend our knowledge to the majority of bacteria which are not accessible to traditional cultivation techniques [10, 11] . Recently, exogenous isolation of MGE based on selectable markers or on the mobilising capacity was successfully applied to capture plasmids from a wide range of environments in Gram-negative recipient strains [12^20] .
The major objective of this study was to survey the prevalence and transfer of genes conferring a resistance to gentamicin (Gm) in cultured and non-cultured bacteria from di¡erent environmental habitats such as soils, rhizosphere, manure, sewage, coastal waters and sediments. Samples originated from di¡erent geographic regions in Europe. To evaluate the impact of selective pressure, soil, rhizosphere and animal faeces or manure samples were taken from experimental sites with or without antibiotics, or copper treatment. They were analysed by cultivation-dependent (selective plating) and cultivation-independent methods. Primers and probes targeting di¡erent families of genes encoding Gm-modifying enzymes in nonproducing strains were developed and applied for a molecular analysis of Gm-resistant isolates, exogenously isolated Gm-resistant transconjugants and directly extracted community DNA. In addition PCR-based screening of community DNA from 40 environmental samples was performed to provide data on the occurrence of broad host range plasmids.
Materials and methods

Strains and plasmids
The following reference strains carrying Gm resistance (Gm r ) genes were used for testing the primer systems and generation of probes: Escherichia coli S17-1 pAB2002 (aac(3)-Ia), Pseudomonas aeruginosa 88.341F (aac(3)-Ib), E. coli DH5K pWP866 (aac(3)-IIa), Enterobacter aerogenes 17798 VDK (aac(3)-IIa), E. coli DH5K pSCH4203 (aac(3)-IIb), E. coli DH5K pSCH4101 (aac(3)-VIa), P. aeruginosa PST-1 (aac(3)-IIIa), E. coli DH5K pHLW1 (aac(3)-IV), Acinetobacter baumannii LBL.3 (aac(6P)-Ib), P. aeruginosa F-03 (aac(6P)-IIa), E. coli DH5K pSCH5102 (aac(6P)-IIb), E. coli CV600 pIE723 (ant(2Q)-I), Staphylococcus aureus pSK1 (aph(2Q)-Ia), E. coli DH5K pAM6306 (aph(2Q)-Ic), and E. coli NC95 (aph(2Q)-Id).
The following rifampicin-resistant mutants were used as recipients in exogenous matings: Pseudomonas putida UWC1 (Q-subclass of Proteobacteria), Ralstonia eutropha JMP228 (L-subclass of Proteobacteria), Agrobacterium tumefaciens UBAPF2 (K-subclass of Proteobacteria) and E. coli CV601 (Q-subclass of Proteobacteria) [18] . All strains were gfp marked by introducing the mini-transposon vector pAG508 which was kindly provided by M. Straetz, GBF as described by Suarez et al. [21] . The resulting strains were kanamycin and rifampicin resistant and showed the typical green £uorescence allowing their unequivocal detection. Table 1 summarises the type of samples, date of sampling and the geographic origin from which they were taken. All samples were composed of at least three single samples and mixed whilst fresh. Plating and exogenous isolation of transferable Gm resistance was done shortly after sampling using the recovered bacterial fraction. Pellets of the bacterial fraction or membrane ¢lters with concentrated cells were kept frozen until DNA extraction.
Sampling and sample processing
Recovery of the bacterial fraction
The bacterial fraction was recovered from 5 g of animal faeces, resuspended in 15 ml sterile saline (0.85% NaCl) by Stomacher treatment for 1 min at high speed followed by low speed centrifugation to remove big particles. The pellet was re-extracted twice. The same protocol was used for soil except that a Gri⁄n shaker was used since small stones in soil samples caused Stomacher bags to burst. From rhizosphere the bacterial fraction was obtained by shaking 5 g sample material in sodium pyrophosphate and 10 g gravel for 10 min at 200 rpm. Thirty litres of seawater were ¢ltered through a 47-mm-diameter glass ¢bre ¢lter (Gelman type A/E) to remove larger particles and eukaryotes. Microorganisms were then collected by ¢ltration on a 0.22-Wm (pore size) membrane ¢lter (GV Durapore/Millipore). Bacteria were removed from the ¢lter by vortex mixing for 5 min in 10 ml Ringer solution. Thoroughly mixed sewage samples composed of three single samples were used immediately, without treatment.
Cultivation conditions
Serial dilutions of the bacterial fraction were spread onto (i) R2A (Difco), supplemented with cycloheximide (200 mg l 31 , Sigma), benlate (30 mg l 31 , DuPont, contains 50% benomyl), nystatin (50 mg l 31 , Sigma) and with or without Gm (10 mg l 31 , Sigma). Plate counts were determined after 3^6 days incubation at 28 ‡C. For each of the samples, 24 colonies with di¡erent morphology were picked from the Gm-selective medium.
FAME analysis of Gm-resistant isolates
For each sample of the ¢rst sampling event 12 morphologically di¡erent colonies (if possible) were selected and streaked on Trypticase soy broth (Becton Dickinson, Cockeysville, MD, USA) supplemented with Bacto-agar (15 g l 31 , Difco Laboratories). The strains were identi¢ed or classi¢ed by fatty acid analysis using the Microbial Identi¢cation System (MIS, MIDI Inc., Newark, DE, USA).
Exogenous isolation of mobile genetic elements carrying Gm r genes
Exogenous plasmid isolations were essentially performed as described by Bale et al. [22] and Hill et al. [23] . Recipient strains were grown in 5 ml Luria broth (LB) supplemented with rifampicin (50 mg l 31 ) at 28 ‡C for approximately 20 h. Cells were harvested by centrifugation for 5 min, 4000Ug at room temperature. The pellet was resuspended in 10 ml LB and incubated for another 1^2 h at room temperature during the preparation of donor cells. Before the mating 200 Wl culture of the recipient strain and approximately 1 ml donor cells (bacterial fraction recovered from the environmental sample) were mixed (donor to recipient ratio of 1:1; approximately 10 8 cells ml 31 ) and pelleted by centrifugation at 10 000Ug for 5 min. The cell pellet was resuspended in 100 Wl LB and transferred to sterile Millipore ¢lters (0.22 Wm, cat. No. GVWP02500) placed on yeast agar plates (15 g yeast extract Difco, 10 g Bacto-peptone Difco, 6 g NaCl, 12.5 g Bacto-agar Difco, 1 l deionised water, pH 7.5, supplemented with 200 mg cycloheximide, 30 mg benlate, and 50 mg nystatin). The latter two antifungal compounds were used only for samples from cattle faeces. After 20^24 h incubation at 28 ‡C the cells from the ¢lters were resuspended in 10 ml sterile 0.85% NaCl. Wl LB before transferring the cell suspension to a ¢lter as described above. Undiluted suspensions of the control ¢l-ters were plated onto the selective medium for Gm r transconjugants to check for background growth of the donor and for spontaneous mutants of the recipient strains. After 2 days' incubation at 28 ‡C the number of transconjugants and recipients was determined. Transconjugants were picked and streaked onto PCA supplemented with rifampicin (50 mg l 31 ) and Gm (either 10 mg l 31 or 50 mg l 31 ). Recipient strain identity was con¢rmed by GFP £uores-cence.
For the second sampling the culturable bacterial fraction grown on R2A with Gm was resuspended from plates and used as donors in matings with gfp-marked recipient strains.
Total community DNA extraction
Total community DNA was extracted directly or from the bacterial fraction after a harsh lysis step. DNA from manure and faeces samples was extracted and puri¢ed essentially as described by van Elsas and Smalla [24] . Brie£y, the DNA was extracted from manure slurries, soil and rhizosphere samples by lysozyme, bead beating, and alkaline sodium dodecyl sulfate treatments followed by phenol, phenol^chloroform and chloroform extraction. The crude DNA was puri¢ed by two salt precipitation steps (cesium chloride and potassium acetate precipitation, Wizard DNA cleanup (Promega, Madison, WI, USA) or Ultra clean (MOBIO, Solana Beach, CA, USA)). The DNA extraction protocols used for other environmental samples are summarised in Table 1 .
Plasmid and genomic DNA isolations
Plasmid DNA was extracted according to the protocol described by Smalla et al. [18] . Genomic DNA was isolated from a loop of cells freshly grown on PCA (Gm 20 mg l 31 ). Crude cell lysates were obtained using the protocol provided with the Qiagen genomic DNA extraction kit (Qiagen, Hilden, Germany). DNA extraction from the lysates was done with Ultra clean (MOBIO).
Dot-blot and Southern blot analysis
Genomic DNA extracted from Gm-resistant isolates or transconjugants was analysed by dot-blot hybridisation for the presence of the known Gm r genes. Dot and Southern blotting was performed by standard protocols [25] .
Hybridisations of Southern-or dot-blotted plasmid DNA or PCR products with digoxigenin-labelled probes were performed according to the manufacturer's instructions (Roche Diagnostic, Mannheim, Germany).
2.10. PCR-based detection of Gm r genes and broad host range plasmids Six PCR primer sets were designed to amplify all known genes coding for Gm-modifying enzymes and similar but not yet discovered sequences, except aac(2P)-I, which has its main function in peptidoglycan acetylation in Providencia stuartii and may not play a major role in Gm resistance of environmental bacteria. Sequences from GenBank with the following accession numbers were used for pairwise comparisons and multiple alignments to identify common conserved primer annealing sites: aac(3)-I: U72638, AJ006518, U12338, X15852, U25061, S68049, AJ009820, U90945, L06157; aac(3)-II/VI: M88012, M97172 (originally named aac(3)-Vb), X13541, S68058, X51534, X13542, M62833, L22613, X54723, X13543; aac(3)-III/ IV: L06161, L06160, X55652, X01385; aac(6P)-II/Ib (Ib does only confer resistance to Gm after mutation in one base (IbP) but was included due to its high similarity to II): M29659, L06163, AF012280, M23634, M55547, M21682, AF012279, AJ009820, L25666, L25617, X60321, U59183; ant(2Q)-I : X04555, X64369, X74412, and other sequences identical to the latter; aph(2Q)-I: U51479, AF016483, U50978, M18086, M13771, AF051917 (the latter four are part of the bifunctional aac(6P)-aph(2Q) gene). The primer design was based on codons of conserved amino acid motifs which might be of functional importance. Degeneracy in the third codon bases at the 3P terminus of the primers was obligate, a moderate number of mismatches at the 5P termini was tolerated. PCR was performed with either total community DNA, heat-denatured cells (1 Wl of a 1/10 diluted overnight broth), genomic or plasmid DNA as template. PCR mixtures contained AmpliTaq Gold (Applied Biosystems), 1UPCR bu¡er, 0.2 mM deoxynucleoside triphosphates, 3 mM MgCl 2 , 100 Wg ml 31 bovine serum albumin and 0.2 WM of each primer for Gm r gene ampli¢cation. After a 10-min denaturation step at 94 ‡C, 35 cycles consisting of 1 min at 94 ‡C, 1 min primer annealing and 1 min at 72 ‡C were performed, followed by a ¢nal 10-min extension step at 72 ‡C. PCR products (10 Wl) were analysed on 1% agarose gels with Tris^borate EDTA bu¡er, Southern blotted [25] and hybridised using digoxigenin-labelled probes. Probes were generated by random prime labelling of PCR products (ca. 300 ng) with digoxigenin dUTP according to the instructions of the manufacturer (Roche, Mannheim, Germany). PCR products were excised after preparative agarose gel electrophoresis and recovered from the agarose using the QIAEX II gel extraction kit. For each of the Gm r gene families a mixed DNA probe consisting of PCR products obtained with the di¡erent reference strains was used (see Table 2 ). PCR-based detection of BHR plasmids and generation of probes was done as described by Go « tz et al. [5] . The ampli¢cation of 16S rDNA fragments from isolates or from community DNA was done as described previously [26] .
Cloning and sequencing
To enhance the cloning e⁄ciency, PCR conditions were slightly modi¢ed, with an additional step of 2 h at 72 ‡C after adding fresh dATP (2 mM) and 2 U AmpliTaq DNA polymerase (Sto¡el fragment, Applied Biosystems, PerkinElmer) to support the formation of 3P-A overhang [27] . After checking the PCR product quality by agarose gel electrophoresis, the PCR product was ligated into the pGEM-T vector (Promega, Madison, WI, USA) and transformed into competent cells (E. coli JM 109, Promega) as described by the manufacturer. Plasmids with the correct insert, as revealed by PCR screening, were selected and inserts were sequenced with vector-speci¢c primers (IIT GmbH, Bielefeld, Germany). Data analysis was done for 16S rDNA sequences with the ARB software [28] . The accession numbers of the Gm r genes sequenced are AJ493429^AJ493438 and those of the trfA sequences determined for nine IncP plasmids exogenously isolated from sewage are AJ493452^AJ493460.
Results
Primer design and testing
Six clusters of Gm r genes were identi¢ed based on conserved motifs in published sequences: aac(3)-I, aac(3)-II/ VI, aac(3)-III/IV, aac(6P)-II/Ib, ant(2Q)-I, and aph(2Q)-I. Primers were designed which anneal to these conserved sites and which are degenerated at the 3P termini (Table  2) to allow ampli¢cation not only of the known genes but also of similar but not yet discovered sequences. Most Gm r genes originate from Pseudomonas or Enterobacteriaceae except the aph(2Q)-I genes for which the original hosts were Staphylococcus, Streptococcus and Enterococcus. The primer systems allowed the speci¢c ampli¢cation of all Gm r genes from the reference strains (see Section 2). The speci¢city of probes generated by random labelling of the PCR products was veri¢ed.
Prevalence of resistance genes in culturable, resistant non-producing strains, genetic localisation and host background
In all environmental samples a considerable proportion of the culturable bacterial fraction was resistant to gentamicin. For each of the 20 samples of the ¢rst sampling event, 12 Gm-resistant bacterial isolates with di¡erent colony morphology were selected to investigate the preva- lence, genetic localisation and host background of Gm r genes in cultured strains. The taxonomic composition of Gm-resistant bacteria was found to be di¡erent for the various environments analysed, with a surprisingly high proportion of Gm-resistant bacteria belonging to the CFB group particularly in manure (56%), rhizosphere (30%), soil (43%), seawater (18%), and sewage (16%). For rhizosphere and bulk soil samples about 62% and 43% of the Gm-resistant isolates, respectively, were Gram-positive bacteria. Only amongst the Gm-resistant isolates from sewage and seawater a high proportion of Q-Proteobacteria was found (40% and 48%, respectively). Proteobacterial isolates of the K-subdivision were frequent in seawater (15%), and of the L-subdivision in sewage (32%) and faeces (10%). Genomic DNA from 34 of 207 isolates analysed hybridised with one or more of the probes derived from the known Gm r gene clusters (Table  3) . These strains originated from faeces of layers (laying hens), sewage, or seawater taken close to a wastewater out£ow, except for two strains from a soil sample (sample S2) and one strain from unpolluted coastal water (sample SW3). Three strains from seawater samples taken close to a wastewater out£ow contained multiple Gm r genes. When genomic DNA extracted from isolates was analysed by agarose gel electrophoresis, plasmid DNA could be detected for several Gm-resistant strains, and for 18 isolates the hybridisation signal indicated that the Gm r gene was localised on a plasmid. Gm r genes were detected in organisms in which the genes had been detected previously (Enterobacteriaceae, or the genera Pseudomonas and Acinetobacter) and also in genera where they had not been detected before (Table 3) . Isolates hybridising with the probe for the aac(3)-II/VI cluster (17) belonged to a diverse range of genera and originated from faeces of layers, from polluted and unpolluted seawater, sewage and bulk soil. Several strains among them were a⁄liated to Sphingobacterium and other CFB bacteria. An Acinetobacter johnsonii strain isolated from polluted seawater was additionally aac(3)-I probe positive. Eleven ant(2Q)-I probepositive strains were isolated from faeces, sewage and seawater. Seven isolates from sewage and wastewater-polluted seawater were aac(6P)-II/Ib probe positive. One Pseudomonas stutzeri strain originating from faeces had aac(3)-IV. PCR products ampli¢ed from seven isolates, representing four of the ¢ve Gm families detected in isolates, were successfully cloned and sequenced. Interestingly, most sequences determined showed 100% identity with the sequenced Gm r gene although some of them were detected in hosts which were phylogenetically distant to the hosts of the originally sequenced genes (Table 3) .
Exogenous isolation of Gm r genes located on mobile genetic elements
As a consequence of the problems encountered with the apparent background of rifampicin-and Gm-resistant Table 2 Detection by PCR of genes coding for Gm-modifying enzymes bacteria in most of the environmental samples from the ¢rst sampling event, the recipient strains were additionally marked with a kanamycin resistance gene, for improved selection, and gfp, to allow identi¢cation after re-isolation from the mating mixture. Potential transconjugants which captured Gm resistance could be easily con¢rmed by their resistance to kanamycin, rifampicin and by green £uores-cence. In the second sampling Gm resistance was captured in an exogenous mating in gfp-tagged recipients from sewage, seawater, rhizosphere, piggery manure and cattle faeces, but not from bulk soil. A selection of transconjugants from piggery manure, cattle faeces and sewage was ¢rst tested by dot-blot hybridisation using probes for aac ( Transconjugants from rhizosphere, soil (only from the culturable fraction) and seawater were screened for the presence of known Gm r genes by PCR.
3.3.1. Manure from pigs treated with neomycin, or untreated Gm resistance was acquired in all four recipients from manure of non-treated piglets at frequencies between 4U10 37 and 3U10 35 (cfu transconjugants per cfu recipient). A total of 28 transconjugants with exogenously captured Gm resistance and nine transconjugants obtained from the Gm-resistant culturable population were screened by dot-blot hybridisation. Eleven transconjugants captured a gene of the ant(2Q)-I cluster in P. putida and R. eutropha. All ant(2Q)-I-positive transconjugants carried IncP-1 plasmids. Seven transconjugants obtained a gene of the aac(3)-III/IV cluster in P. putida and E. coli exogenously from the microbial manure fraction. The aac(3)-III/IV was also captured from the culturable fraction in P. putida and E. coli. Sequencing of the PCR-ampli¢ed 280-bp aac(3)-III/IV fragment showed that the resistance genes acquired by E. coli directly from the bacterial cell pellet and from the culturable fraction were 100% identical to the reference sequence of aac(3)-IV (X01385). Surprisingly, no Gm r transconjugants were obtained from the manure of pigs treated with neomycin. Obviously there was still an inhibiting e¡ect of neomycin which a¡ected the mating partners.
Faeces of cattle fed with monensin as a feed additive,
and without monensin Gm resistance was captured after an exogenous isolation from both kinds of faeces only in E. coli but not in P. putida, A. tumefaciens or R. eutropha. Transfer frequencies were more than one order of magnitude higher in the mating with the donor bacteria originating from faeces of treated cattle (4.9U10 37 compared to 5.7U10 38 ). A total of 11 E. coli transconjugants from exogenous isolations with faeces of treated and untreated cattle were screened by dot-blot hybridisation and PCR con¢rmation of dot-blot positives. Genes of the aac(3)-II/VI cluster were detected in seven of the 11 tested transconjugants. The sequence of the PCR product ampli¢ed from aac(3)-II/VI-positive transconjugant was identical to the reference sequence of aac(3)-II of pWP14. None of the other Gm r genes was detected. In a mating with resuspended cell lawns of Gm-resistant isolates the phenotype could be transferred to R. eutropha, P. putida and E. coli. All 14 Gm-resistant transconjugants of 28 tested hybridised with the aac(3)-II/VI probe.
Sewage from four sewage treatment plants
Transconjugants which acquired Gm resistance were obtained from all sewage samples (transfer frequencies ranging from 10 35 to 3U10 38 ) independent of whether the sewage originated from a sewage treatment plant with community or hospital sewage. Forty-six of the 54 transconjugants screened by PCR for the presence of BHR plasmids carried IncP-1 plasmids. From the Wavre sewage treatment plant (SD1) Gm resistance was only acquired in R. eutropha. All seven transconjugants tested carried the aac(6P)-II/Ib gene located on an IncPL plasmid as evidenced by hybridisation with the IncP trfA2 probe. A total of six Gm r transconjugants were received after a mating with sewage from the Rosie 're sewage treatment plant (SD3) in R. eutropha (3), in P. putida (1) and in E. coli (2) . Three of the transconjugants carried an IncQ plasmid. While the P. putida transconjugant hybridised with the aac(6P)-II/Ib gene and the aac(3)-II/VI probe, the two E. coli and three R. eutropha transconjugants did not hybridise with any of the Gm r probes. A total of 17 transconjugants (A. tumefaciens, P. putida, and E. coli) obtained after a mating with sewage from the Erasmus Hospital sewage treatment plant (SD2) was screened by dot-blot hybridisation. The aac(6P)-II/Ib localised on IncP-1 plasmids was detected in almost all transconjugants. Gm resistance was captured in all four recipients after a mating with sewage bacteria from the Ghent hospital sewage treatment plant (SD4). Again the aac(6P)-II/Ib gene localised on an IncP-1 plasmid was captured in almost all A. tumefaciens, R. eutropha, P. putida, and E. coli transconjugants. In addition, in all E. coli transconjugants the ant(2Q)-I was detected. Since IncPL plasmids carrying the Gm r gene aac(6P)-II/Ib were isolated from three of four sewage treatment plants, a more thorough analysis of these plasmids was performed. A 543-bp fragment of the trfA gene (encoding the replication-initiating protein) was ampli¢ed from nine IncP plasmids. Based on the trfA sequences a high similarity of these plasmids with the IncPL plasmid R751 can be assumed. However, the SphI digestion patterns of IncP plasmid DNA indicated that di¡erent IncPL plasmids were isolated (data not shown).
Gm resistance could be captured in A. tumefaciens (SD1, SD2, SD4), P. putida (SD1, SD2), and R. eutropha Table 1 (SD1) after mating with the culturable fraction of Gm-resistant bacteria (from cell lawns). Interestingly, only two Gm transconjugants from SD2 hybridised with a Gm probe (aac(6P)-II/Ib). However, none of the transconjugants captured the resistance via an IncPL plasmid.
3.3.4. Seawater taken from di¡erently polluted sites in Greece Gm r transconjugants were obtained from seawater bacteria from three of the four sites in all four recipients with transfer frequencies ranging from 5U10 36 to 2U10 38 . Interestingly, no transconjugants were recovered after mating the bacterial fraction of ¢sh farm sediments with the recipients. Fifteen Gm-resistant transconjugants (P. putida, A. tumefaciens) were screened by PCR for the presence of Gm r genes. Except for one transconjugant all others gave PCR products with the aac(3)-II/VI primers (11/15) and/or the aac(6P)-II/Ib primers which hybridised with the respective probes (9/15). In six transconjugants both the aac(3)-II/VI and the aac(6P)-II/Ib Gm r genes were detected. However, BHR plasmids could not be detected in any of the transconjugants from seawater.
3.3.5. Rhizosphere of grass growing below apple trees treated with streptomycin, or untreated Ten transconjugants (A. tumefaciens, P. putida, and E. coli) which acquired Gm resistance after mating with bacteria from the rhizosphere of grass from areas treated with streptomycin, or untreated, were screened by PCR for the presence of known Gm r genes. Strong PCR products of the expected size were observed with primers targeting the aac(3)-III/IV and the ant(2Q)-I clusters for the four A. tumefaciens transconjugants tested. Interestingly, none of the PCR products hybridised indicating sequences divergent from those of the sequenced genes. Therefore, the PCR products obtained from two transconjugants with the ant(2Q)-I-speci¢c primers were cloned and sequenced. The sequence showed no homology to any sequence in the database. Only for one Gm-resistant A. tumefaciens transconjugant a weak PCR product hybridised with the aac(3)-II/VI probe.
3.3.6. Rhizosphere from soils treated with copper, or untreated A total of nine Gm-resistant transconjugants (six P. putida, three A. tumefaciens) obtained in matings with rhizosphere bacterial communities from soils treated with copper or untreated were screened by PCR. Strong PCR products of the expected size were obtained with the aac(3)-III/IV and the ant(2Q)-I primer system from all A. tumefaciens transconjugants. However, the absence of hybridisation indicated sequence divergence. Again the sequence of cloned ant(2Q)-I PCR products showed no homology to any sequence in the database.
Bulk soil
No Gm resistance was captured by exogenous isolation from bulk soils. Three Gm-resistant P. putida transconjugants originating from a mating of the culturable fraction with each of the four recipients were screened by PCR. Only one transconjugant gave hybridising PCR products with the aac(6P)-II/Ib gene system. 
PCR-based detection of Gm r genes and mobile genetic elements in community DNA
The primer systems were applied to the environmental DNA of the ¢rst and second sampling. Due to the degeneracy of the primers in third codon positions, speci¢c and some unspeci¢c amplicons were derived from environmental DNA. Southern blots of the PCR products were always probed with the PCR-derived probes for the respective gene cluster to increase the speci¢city and sensitivity. Hybridisation signals of the expected size were detected in many environmental DNA samples (Table 4) . Some of the genes showed habitat-speci¢c prevalence. The gene clusters aac(3)-II/VI and ant(2Q)-I were mainly detected in manure, sewage or seawater (wastewater out£ow). The aac(3)-III/ IV cluster was detected only in faeces of broiler chickens and cattle, piggery manure, and in one sample of polluted seawater. The aph(2Q)-I gene, which is typically found in Gram-positive cocci, was prevalent in all types of manure. At medium stringency the aph(2Q)-I gene was also detected in the rhizosphere of white radish grown in Cu-treated soil. Streptomycin-and Cu-treated sites (D+, Cu+, W1) showed enrichment of aac(3)-I compared to the control sites but only for samples taken in spring. The aac(6P)-II/Ib fragment was detected in piggery manure, municipal and hospital sewage, rhizosphere of white radish and cauli£ower, and seawater (Fig. 1) . The intensity of the hybridisation signals indicated that an enrichment of genes belonging to the aac(6P)-II/Ib cluster occurred in rhizosphere samples of the copper-or streptomycin-treated samples taken at the ¢rst sampling time. However, this gene cluster also includes genes which code for an aminoglycosidemodifying enzyme not targeting Gm. There was no clear evidence for an e¡ect of antibiotic feeding on the abundance of Gm r genes in total community DNA. Gm r genes were most frequently found in sewage, wastewater, animal faeces and manure. In seven of the 40 environmental samples from both sampling times (¢sh farm water, unpolluted seawater, untreated rhizosphere) none of the known Gm r genes was detected. Most remarkable is the ¢nding that all known genes encoding Gm resistance could be detected in DNA extracted directly from manure of pigs treated with neomycin, or untreated.
The set of community DNA was screened by PCR for the presence of the BHR plasmids IncQ, IncP, IncN, IncW. Southern blot hybridisations of PCR products ampli¢ed with replicon-speci¢c primers [5] indicated a habitat-speci¢c dissemination of BHR plasmids (see Table 5 ). Piggery manure, sewage and seawater are environments with high abundance of BHR plasmids. Again, in piggery manure all known BHR plasmids could be detected. IncPL plasmids seem to be also present in soils and rhizospheres. In particular, with respect to the spread of antibiotic resistance genes amongst a wide range of Gram-negative bacteria the PCR-based detection of IncP plasmid-speci¢c sequences in 27 of 40 samples is remarkable (Fig. 2a,b) . IncQ plasmid-speci¢c sequences were detected in 13 of 40 samples with a high abundance in pig manure, faeces from broiler (£avomycin-treated) and cattle (monensin-treated) faeces, sewage (3/8) and copper-treated rhizosphere (1/2). IncW plasmid-speci¢c sequences were only found in the faeces of broiler chickens fed without £avomycin and in pig manure but not in all other environments. IncN plasmid-speci¢c sequences were detected in 10 of the 40 samples: seawater samples (5/8), pig manure (2/2), sewage (2/8) and faeces of Zn-bacitracin-treated layers. There is some evidence that BHR plasmids were more abundant in samples originating from antibiotic-or copper-treated habitats: IncQ plasmids seem to be enriched in coppertreated rhizosphere of white radish, in the faeces of cattle treated with monensin, and in the faeces of broiler chickens fed with £avomycin, compared to the non-treated control group. IncPK-and IncN-speci¢c sequences were detected in faeces of layers treated with Zn-bacitracin but not in faeces of non-treated layers.
Discussion
The reservoirs of Gm r genes were monitored using a multiphasic approach consisting of selective plating, exogenous isolation of transferable elements carrying Gm r genes as well as the PCR-based detection of Gm r genes. Each of the approaches used has its advantages and limitations [6] but when applied simultaneously a broader picture of reservoirs of Gm r genes and their mobility should become possible. Traditional selective cultivation allowed us to provide data on the proportion of Gm-resistant bacteria accessible to cultivation and their taxonomic composition. The taxonomic composition was different for the various environments analysed and only a rather small proportion of the isolates mainly originating from sewage, seawater and manure hybridised with Gm probes. Gm r genes were also detected in genera which were phylogenetically distant or at least di¡erent from the bacterial species from which the sequence was originally described. Interestingly, the sequence of PCR products ampli¢ed from such a host was 100% identical to the reference sequence, providing further evidence of horizontal spread of antibiotic resistance genes. Indeed plasmid localisation of the Gm r gene was often observed by Southern hybridisation of genomic DNA (data not shown). Several Gm r genes were also described to occur as gene cassettes located in integrons or secondary integration sites [29, 30] .
In contrast to the selective plating method, the exogenous isolation method allowed the isolation of antibiotic resistance independent from the culturability of the original host and more importantly it provided information on the occurrence of this trait on self-transferable mobile genetic elements. MGE conferring Gm resistance could be captured directly from all environments analysed except for soil. Since it was possible to obtain a few transconjugants from the culturable fraction of one soil sample, the failure to recover Gm r genes directly from the soil bacterial fraction might be due to low metabolic activity of the soil bacteria used as donors. Since only Gram-negative bacteria were used as recipients in biparental matings it is not too surprising that the aph(2Q) cluster was not captured on an MGE. Considering transfer frequencies sewage and pig manure could be clearly identi¢ed as environments with high mobility of Gm r genes. The proportion of exogenously isolated Gm r transconjugants which hybridised with the Gm probes used was considerably higher than for Gm r isolates. This ¢nding supports the assumption that a considerable proportion of the cultured bacterial fraction might resist antibiotics due to di¡erent mechanisms such as cell wall impermeability. The Gm-resistant bacterial strains and mobile plasmids conferring Gm resistance, where the genes for Gm-modifying enzymes known from clinical isolates [31, 32] could not be detected, might also indicate unknown resistance genes which are not yet abundant in the clinical environment. For isolates as well as exogenous transconjugants the majority of the Gm probe positives originated from sewage, manure or seawater samples taken close to a wastewater out£ow. This result seems to re£ect the anthropogenic use of gentamicin in human and animal therapy. Most striking was the high proportion of transconjugants which captured Gm r genes located on IncP-1 plasmids in mating experiments with the bacterial fraction of samples from four di¡erent sewage treatment plants in Belgium and from piggery manure. IncPL plasmids conferring Gm resistance were captured exogenously in all four recipients used for mating, underlining their broad host range [33, 34] . Also other authors have repeatedly obtained IncP-1 plasmids when exogenous plasmid isolation was used [13, 18, 19] . Thus there is increasing evidence that two of the most extensively studied plasmids from the clinical environment, the IncP-1K [35] and the IncP-1L plasmid [36] , occur in various environments. This observation is also supported by the detection of IncP-1K-and IncP-1L-speci¢c sequences in community DNA from di¡erent environments, in this and other studies [5, 7, 37] .
The detection of the Gm r genes in bacterial isolates and transconjugants con¢rmed the molecular detection in the respective environmental DNA. As expected, isolates could not be recovered from all the samples, where speci¢c Gm r genes were detected in community DNA by PCR and Southern blot hybridisation. This can be explained by the higher sensitivity of the PCR-based detection in community DNA (in contrast only numerically dominant Gm-resistant isolates were analysed), the limited number of isolates analysed and potentially non-culturable Gm-resistant environmental bacteria, although in one isolate from faeces of chickens aac(3)-III/IV was detected while it was not detectable in the total community DNA.
Antibiotic-selective pressure is not necessarily required for the selection of antibiotic resistance genes carried by replicons that contain not only one antibiotic resistance gene but also other selectable markers [38] . Therefore, the di¡erent kinds of selective pressure studied^although not including gentamicin and for some of the samples not well de¢ned^could have resulted in an increased abundance of Gm r genes, but such an e¡ect was not consistently supported by the data. However, PCR-based detection of BHR plasmids in community DNA as well as the increased transfer frequencies of capturing Gm r from faeces of monensin-treated cattle indicated a correlation of MGE abundance and selective pressure.
Gentamicin is still an important clinical antibiotic. Considering that genes conferring resistance to gentamicin were detected in all environments analysed, often localised on BHR plasmids and in a wide range of hosts, the successful medical use of this antibiotic might be increasingly jeopardized.
Increasing problems linked with the medical use of antibiotics can be predicted. Our data suggest that the traditional perception that in some way the hospital environment is closed and antimicrobial resistance arises in patients in the hospital needs to be corrected. There is substantial mobility of antibiotic resistance genes between bacteria of the same species but also between phylogenetically distant bacteria, and there is substantial movement of bacteria of di¡erent environmental habitats somehow related to the food chain and human activity [39^42] .
